INTRODUCTION
During the past 14 yr of the US Antarctic Marine Living Resources program in the southwestern Atlantic Ocean we have documented the annual occurrence of a deep chlorophyll a maximum (DCM) at depths between 60 and 90 m in Drake Passage waters to the northwest of Elephant Island. The chlorophyll a (chl a) concentrations in the upper mixed layer (UML, ~45 m) at these stations are low (~0.05 to 0.15 mg m -3 ) compared to the higher concentrations (~0.2 to >1.0 mg m -3 ) found at 60 to 90 m. All other stations in the sampling grid had maximal chl a concentrations in the UML and no DCM (Fig. 1) . In a previous paper, HolmHansen & Hewes (2004) analyzed the occurrence of these DCMs in regard to physical, chemical, and optical conditions in the upper water column and concluded that the increase in phytoplankton biomass in these DCMs is the result of active phytoplankton growth occurring on a nutricline (most likely increasing Fe concentrations) within the temperature minimum layer (TML), which is the winter remnant of Antarctic Surface Water (AASW). This conclusion was supported both by direct measurement of photosynthetic rates in samples from the DCM in on-deck incubations with radiocarbon and also by measurement of ). Dissolved Fe concentrations in these waters with DCMs are also very low (generally < 0.2 nM) and are probably a limiting factor for phytoplankton growth and biomass. DCMs occur in the upper portion of the temperature minimum layer (TML), which is the winter residue of the Antarctic Surface Water (AASW). The higher phytoplankton biomass at these depths is thought to result from higher Fe concentrations in the winter remnant of the AASW as compared to that found in the overlying UML. A survey of the literature indicates that DCMs are located predominately over the deep ocean basins where enrichment of surface waters with Fe from either coastal sediments or from upwelling processes would be minimal. DCMs are not found in coastal waters or in pelagic regions where complex bottom topography causes upwelling of deep water with sufficiently high Fe concentrations to enhance surface chlorophyll a concentrations. Such enrichment of surface waters overlying or downstream of topographical seamounts or ridges that rise to within a few thousand meters of the surface usually results in elevated phytoplankton biomass in the UML and no DCM due to decreased solar irradiance in the TML. The effect of such enrichment of Fe in surface pelagic waters that results from upwelling processes is most pronounced in the Scotia Sea, in the Polar Frontal region downstream of South Georgia, over the Southwest Indian Ridge, over the Kerguelen Plateau, and over the Pacific Antarctic and Southeast Indian Ridges.
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Resale or republication not permitted without written consent of the publisher cellular fluorescence at 683 nm with a passive fluorometer, which can be equated to instantaneous in situ photosynthetic rates (Kiefer et al. 1989 , Chamberlin et al. 1990 ).
Low chl a concentrations in Antarctic pelagic waters that have excess major inorganic nutrients (Chisholm & Morel 1991) can be most easily ascribed to limiting concentrations of Fe (e.g. Martin et al. 1991 , Boyd et al. 2000 . As all our work with DCMs has been done in the southwestern Atlantic Ocean, it was of interest to see if such DCMs occur throughout the Southern Ocean (defined here as all waters south of the Polar Front) as an indicator of regions where Fe availability limits phytoplankton biomass. From an extensive literature review, we have cited the papers and the locations where DCMs have been reported and also papers reporting dissolved Fe concentrations at or close to those stations with DCMs. Concentrations of chl a and dissolved Fe in the UML of Antarctic waters are discussed with respect to the general circulation patterns of the Southern Ocean, as well as the influence of bottom topography, which might enrich surface waters with Fe originating from deep water or from bottom sediments.
OCCURRENCE AND SIGNIFICANCE OF A DCM

Surface chl a concentrations and location of DCMs in the Southern Ocean
After an extensive search of the literature relating to phytoplankton distributions in the Southern Ocean, the station locations where chl a profiles showed the presence of a DCM were found to be clustered in 3 main areas: (1) southeastern Pacific Ocean, Drake Passage, and southwestern Scotia Sea; (2) southern Indian Ocean; and (3) southern Australasian-Pacific sector. The locations of these stations are shown in Fig. 2A , which also shows the spatial distributions of chl a concentrations in surface waters during January and February 2000, as derived from satellite SeaWiFS data, as well as major bathymetric features (thin black lines). Fig. 2B shows the locations and names of the oceanic regions and bathymetric features mentioned throughout our paper. The clustering of DCM stations within these 3 areas is most likely the result of various national research cruises being concentrated in these regions. It should be noted that all stations having a DCM are located in low chl a waters. A few stations are located close to or within waters having slightly elevated chl a concentrations, but this is most likely the result of interannual variability in the distribution of chl a in the upper water column. It should be noted that the actual number of stations showing the presence of a DCM far exceeds the number of locations shown in Fig. 2 . Many of the papers cited in Table 1 as showing the occurrence of a DCM are represented by only one symbol in Fig. 2 , but actually report 2 to 3 locations in that general area where a DCM was evident. A few of the papers report DCMs at >17 different locations (Garibotti et al. 2003 ). The AMLR program, although shown as only one symbol in Fig. 2 (Fig. 2 ).
Origin and characteristics of DCMs
Chl a maxima at depths < 40 m in Antarctic waters are generally attributed to photoinhibition effects (Holm-Hansen et al. 1993 , Smith & Cullen 1995 ; rare depletion of a major inorganic nutrient, such as nitrogen (e.g. Nelson & Smith 1986 , Holm-Hansen et al. 1989 ); or to zooplankton grazing in surface waters. The formation of DCMs at depths > 50 m is generally attributed to either (1) a nutrient limitation, where the chl a maximum develops at the depth of the nutricline for the limiting element, or (2) the settling of phytoplankton to deeper waters, which may happen after the occurrence of rich phytoplankton blooms in surface waters (Mikaelyan & Belyaeva 1995 , Berdalet et al. 1997 . Examination of all available data relating to the DCMs, as shown in Figs. 1 & 2, indicates that the following relationships apply to the occurrence of a DCM and the physical, chemical, and optical conditions in the upper water column:
(1) The depth of the chl a maximum is below the UML, as seen in Fig. 1B .
(2) The depth of the DCM is located within the TML, which is the winter remnant of the AASW. The TML tends to deepen from south to north, as does the depth of the DCM (Fiala et al. 1998 , DiTullio et al. 2003 .
(3) If chl a concentrations are moderately high (greater than ~0.8 mg m -3 ) in the UML, there is generally no DCM in the TML (Fig. 1C) .
(4) Concentrations of essential macronutrients (N, P, Si) are high and most likely are not limiting phytoplankton growth processes at any depth.
(5) Concentrations of dissolved Fe are low (0.05 tõ 0.4 nM) in surface waters, as indicated by the data in Table 1 . (6) Relatively few papers report profiles of solar irradiance at the stations where DCMs are located, but, from available data (e.g. Holm-Hansen & Hewes 2004), the light levels at the top, middle, and bottom of the DCM are approximately 7.8, 2.3, and 0.3% of the solar irradiance incident upon the sea surface. Comparable percentages at the same depths at contiguous stations that have higher chl a concentrations in the UML, but no DCM at depth are 2.6, 0.6, and 0.1% of incident solar radiation. Fig. 1B show that the DCM is found within the TML, but that the depth of the maximum chl a concentration is generally slightly shallower than the depth of the temperature minimum. These findings are similar to those reported by Uno (1983) . The TML occurs in all Antarctic pelagic waters and extends from close to the continental shelf break north as far as the Polar Front. The TML is the winter remnant of the AASW, which is deeply mixed (>100 m) during the winter period. During winter, phytoplankton biomass and rate of assimilation of nutrients will be very low due to low incident solar irradiance and deep mixing of the UML (Sakshaug et al. 1991) . At the end of the winter period, nutrient concentrations will be relatively high and uniform within this deeply mixed and isothermal upper water column. The seasonal formation of the DCM as suggested by Holm-Hansen & Hewes (2004) depends upon the following processes: (1) During spring and early summer increasing solar irradiance results in heating of surface waters; during the summer months of January-March there is thus a relatively shallow UML of < 50 m, which overlies the colder remnant of the winter water. (2) With high solar irradiance during the summer months, phytoplankton biomass increases in this UML of < 50 m and will draw down the dissolved Fe concentrations to very low concentrations (< 0.1 nM). (3) Grazing of phytoplankton by zooplankton and krill will result in loss of particulate organic material containing Fe from the upper water ) in this UML, the irradiance in the underlying remnant of the winter water will be sufficiently high to support increased phytoplankton biomass due to higher initial levels of Fe. (5) As phytoplankton growth in the TML will be lightlimited, the chl a maximum will be in the upper portion of the UML, with decreasing phytoplankton biomass in the lower portions of the TML. Finally, (6) development of a DCM as described above is dependent upon the formation of a UML of less than ~50 m overlying the TML. Data of Trull et al. (2001) and Sprintall (2003) indicate that the TML forms during December, which means that a well-defined DCM would be evident only from December and through the summer months. This is consistent with all the references reporting DCMs in Table 1 , as most of those papers show DCMs in January and February, with just a few papers reporting DCMs in late December or early March.
Relation of DCMs to the TML
Data in
It is seen from Fig. 2 that large pelagic areas of Antarctic waters have elevated chl a concentrations and no reported DCMs, in spite of the presence of a TML. The reason for this is most likely the fact that, when chl a concentrations are greater than ~0.8 mg m -3 , the increased rate of attenuation of solar radiation in the UML results in irradiances in the TML that are not high enough to permit significant phytoplankton growth (Holm-Hansen & Hewes 2004) . From data on Fe concentrations in Antarctic waters (see De Baar & de Jong 2001) , the relatively high phytoplankton biomass in the UML in these regions can be correlated with increased Fe concentrations in the UML. Processes responsible for such increased Fe concentrations are discussed in a later section.
Dissolved Fe concentrations in Antarctic waters
There have been relatively few studies of dissolved Fe concentrations in the low chl a regions of the Southern Ocean. As can be seen from Fig. 2 and Table 1 , data on dissolved Fe are primarily from 3 regions: (1) the area from 6 to 90°W, studied mostly by German and Dutch researchers; (2) the area centered at 140°E, studied by Australian and New Zealand personnel; and (3) the Ross Sea region, studied by the US JGOFS program. Dissolved Fe concentrations in surface waters in these regions are mostly in the range of 0.1 to 0.3 nM. The regions with elevated chl a concentrations (see Fig. 2 ) generally have much higher concentrations of dissolved Fe. Examples include Fe concentrations of 7.4 nM in Gerlache Strait (Martin et al. 1990a) (Nolting et al. 1991) , >1.0 nM in the Ross Sea (Martin et al. 1991 , Fitzwater et al. 2000 , and 1.1 to 1.9 nM in the Polar Front region at 6°W (Löscher et al. 1997) . Dissolved Fe concentrations increase with depth in the Southern Ocean (Löscher et al. 1997 , Measures & Vick 2001 and show a typical nutrient-like profile as described by Johnson et al. (1997) .
The Fe concentrations listed above refer only to the 'dissolved Fe', which is generally measured on filtrates passed through a polycarbonate filter with pore diameters of 0.4 µm and is commonly the only component of the total Fe present in the water sample that is measured. This 'dissolved Fe' is believed to be the most relevant component of the total Fe present in any water sample for assimilation by phytoplankton (Löscher et al. 1997 De Baar & de Jong (2001) .
Relationship between chl a and Fe concentrations in regard to bathymetry and mixing processes
It is seen from the locations of the stations having a DCM that they are found in or close to 4 major deepbasin regions of the Southern Ocean that have very low chl a concentrations (Figs. 2 & 3) . These 4 regions are: (1) the abyssal plains of the Amundsen and Bellingshausen Seas (~70 to 140°W), (2) the Weddell Abyssal Plain (~20°W to 20°E), (3) the Enderby Abyssal Plain (~20 to 60°E), and (4) the South Indian Abyssal Plain (~110 to 150°E).
The mean Fe concentration in these low chl a waters at the stations shown in Fig. 2 is ~0 .17 nM. The major sources of Fe in surface waters are generally from (1) coastal and shelf waters, which are enriched from bottom sediments and run-off from land (De Baar et al. 1990 , Nolting et al. 1991 ; (2) upwelling of deeper waters, which generally have considerably higher Fe concentrations (De Baar et al. 1995 , Measures & Vick 2001 , Watson 2001 ; (3) melting of annual sea ice (Fitzwater et al. 2000 , Arrigo et al. 2003 ; (4) mixing associated with frontal systems (Moore & Abbott 2000) ; and (5) aeolian input from the atmosphere (Duce & Tindale 1991 , Martin et al. 1991 . Aeolian input of Fe in Antarctic waters, however, seems to be minimal (Watson 2001) , with most of the Fe in surface waters coming from either coastal waters or by upwelling processes that are often related to bathymetric features (Moore et al. 1999a , Watson 2001 .
Waters over coastal shelf areas generally have high chl a concentrations (Fig. 2) and also have considerably higher Fe concentrations in surface waters as referenced above. The shelf regions with very high chl a concentrations include: (1) portions of the Weddell Sea that are not covered with ice; (2) the shelf and northerly projecting Astrid Ridge, close to 10°E, 67°S; (3) Gunnerus Bank and Gunnerus Ridge, close to 30°E; (4) the shelf and banks of Amery Basin, between 70 and 80°E; (5) the coastal region from ~90 to 115°E, 63 to 65°S, which has many relatively shallow banks and islands (Nicol et al. 2000) ; (6) shelf portions of the Ross Sea; (7) the Amundsen Sea, between 100 and 120°W; (8) the Bellingshausen Sea, between 75 and 90°W; (9) portions of the Scotia Ridge and Endurance Ridge, between 30 to 37°W and 60 to 63°S; and (10) the shelves of South Georgia and Shag Rocks, between 37 to 42°W and 53 to 56°S.
Reports by various investigators have shown that chl a concentrations are often relatively high over sea mounts and ridges, which rise to within ~2000 m of the sea surface , Moore et al. 1999a , Constable & Nicol 2003 . Garabato et al. (2004) have also provided physical data showing that turbulent mixing over rough topography in the Southern Ocean could be an important process in the upward transport of Fe-enriched deep water. It is thus likely that the elevated phytoplankton biomass found in many regions of pelagic Antarctic waters is due to the enrichment of surface waters with Fe resulting from upwelling processes associated with the deep currents of the ACC impacting bathymetric features. Fig. 3 shows the major bathymetric features in Antarctic waters, in relation to the location of important oceanic fronts and major currents. In comparing Figs. 2 & 3 , it is seen that the major pelagic areas with high chl a concentrations either are in close proximity to shelf waters or have complex topographical features, both of which may be responsible for enrichment of surface waters with Fe. The high chl a pelagic regions seen in Fig. 2 include: (1) The Scotia Sea, which is delimited by South Georgia in the north, the South Orkney Islands in the south, the South Sandwich Islands in the east, and by the 55°W meridian. The waters of the Scotia Sea have Locations of the frontal systems were based on papers by Deacon (1982) , Orsi et al. (1993 Orsi et al. ( , 1995 , Knox (1994) , Hofmann et al. (1998), and Park et al. (1998) . (B) Map of the identical geographical region illustrated in Fig. 2 , with arrows indicating a generalized view of the direction of surface-water flow in relation to the major frontal systems. It should be noted that data obtained from drifters generally show very complex circulation patterns, with many eddies and changes in water-flow direction; hence, the water flow as indicted by the arrows must be viewed as being very schematic. Data on circulation were based on papers by Knox (1994) , Hofmann et al. (1998), and Nicol et al. (2000) sufficiently high concentrations of Fe (~2 nM; Nolting et al. 1991) so that phytoplankton biomass is not limited by Fe availability (De Baar et al. 1990) . It is likely that the high Fe concentrations in the Scotia Sea result partly from the inflow of Fe-enriched waters from shelf regions (e.g. coastal regions to the north of the South Shetland Islands, Bransfield Strait, the entire Scotia Ridge, and the Weddell Sea), as mentioned by De Baar et al. (1995) , as well as from inflow of Weddell Sea Deep Water through 4 deep passages, as described by Heywood et al. (2002) . Garabato et al. (2004) have also described eddies and upwelling of Fe-enriched deep water in the Scotia Sea that are related to the complex bottom topography of this region.
(2) The Polar Front Zone (PFZ) between South Georgia (~37°W) and the 10°W meridian, as shown in Fig. 2 . De Baar et al. (1995) have shown that Fe concentrations in this PFZ at ~6°W are high (~2 nM), as compared to lower values (~0.5 nM) in the low chl a region to the south at ~57°S. These authors, as well as Löscher et al. (1997) , Atkinson et al. (2001) , and Whitehouse et al. (2000) have attributed the high Fe content of the waters in this PFZ both to shelf sediments around South Georgia and the Scotia Ridge, as well as to upwelling processes associated with the PFZ jet (De Baar et al. 1995) .
(3) The area from 20°E to 30°W and 60 to 70°S, which is south of the Scotia Front (Belkin & Gordon 1996) and within the Weddell Sea gyre and the East Wind Drift (see Fig. 3 ). This area also includes the Isles Orcadas Seamounts and Maud Rise (~3°E, 65°S). Fe concentrations are relatively high in the Weddell Sea (Westerlund & Öhman 1991) , and, consequently, the ice-free waters of the Weddell Sea gyre can be expected to have relatively high phytoplankton biomass.
(4) The high chl a area located from approximately 8°W to 20°E and 52 to 56°S, which overlies the eastern end of the America Antarctic Ridge, the southern portion of the Mid-Atlantic Ridge, and much of the Southwest Indian Ridge.
(5) The high chl a area from ~65 to 75°E, 50 to 56°S, which overlies shelf and deep waters around Iles Kerguelen.
(6) The area from ~80 to 90°E, 55 to 64°S, which overlies the southern portion of the Kerguelen Plateau, which rises to depths of <1000 m. Waters downstream of the Kerguelen Plateau are also high in chl a, as suggested by Blain et al. (2001) .
(7) The area from ~145 to 170°E, 62 to 66°S, which overlies a relatively shallow area of the Southern Ocean (mostly < 3000 m) and includes complex bottom topography, with many islands, banks, and seamounts.
(8) The area from 135 to 170°W, 62 to 72°S, which is immediately downstream of: (a) the broad Pacific Antarctic Ridge, with its many fracture zones and seamounts rising to < 2500 m, and (b) many islands and seamounts in the region from 160 to 180°E.
DISCUSSION
The data presented above, coupled with data in Holm- Hansen & Hewes (2004) , indicate that DCMs are found only in regions where chl a concentrations are very low in the UML, and that they are not found in regions where chl a concentrations in the UML are higher than ~0.8 mg m -3
. The hypothesis that the formation of a DCM is indicative of low Fe concentrations in surface waters is supported by direct measurements of Fe concentrations (e.g. Martin et al. 1990b , De Baar & de Jong 2001 and also by Fe-addition experiments, either in on-deck incubations (e.g. Martin et al. 1990b , Helbling et al. 1991 , Timmermans et al. 1998 or by release of large amounts of Fe to surface waters (e.g. Boyd & Law 2001) . Addition of Fe to water samples from areas with chl a concentrations greater than ~0.8 mg m -3 (which includes both coastal areas and pelagic regions) have not shown any increase in phytoplankton biomass as a result of Fe addition (De Baar et al. 1990 , Martin et al. 1990b , Helbling et al. 1991 . It should be noted that some of the above studies demonstrating Fe limitation of phytoplankton growth in the AMLR study area (e.g. Helbling et al. 1991) are immediately adjacent to the location where Martin et al. (1990a,b) reported very low concentrations of dissolved Fe (0.16 nM). It thus seems a reasonable hypothesis that (1) the low chl a concentrations in the 3 major large deep-basin regions of the Southern Ocean (Southern Pacific Ocean, Southwest Indian Ocean, and Southeast Indian-Australian sector) result from growth-limiting Fe concentrations in the euphotic zone, as these deep basins get relatively little enrichment of Fe from sediments or upwelling processes, (2) the DCMs found embedded in the TML in these 3 low chl a regions reflect limiting Fe concentrations in the UML and higher Fe concentrations in the winter remnant of the AASW, and (3) no DCMs related to Fe limitation occur in shelf or coastal waters.
The distribution of chl a in Antarctic waters seen in Fig. 2 seems to be inter-annually consistent, based both on shipboard data and on satellite chl a images from other years (e.g. Comiso et al. 1993 , Moore at al. 1999a , Moore & Abbott 2000 . This is not surprising, as the high chl a regions apparently are not Fe-limited, due to enrichment of Fe either from Fe-rich coastal and shelf waters or from deep water by upwelling processes associated with bathymetric features. This consistency of high-production regions can be expected to be important in the distribution and biomass of higher trophic levels, which are important in regard to harvestable resources in the Southern Ocean. Support for this is shown by the distribution of krill Euphausia superba, which have been shown to be in high density in (1) the Scotia Sea, (2) the eastern portion of the Weddell Sea gyre, (3) the Eastwind Drift from about 10 to 50°E, (4) the small gyre and Eastwind Drift from about 90 to 120°E, (5) the area of the Ross Sea gyre, and (6) shelf regions of the Bellingshausen Sea (Marr 1962 , Priddle et al. 1988 , Everson & Miller 1994 . It should be noted that many investigators have previously related krill density either to location in the Eastwind Drift (e.g. Amos 1984) or to gyre systems (e.g. Marr 1962 ). Conclusions regarding available food resources for zooplankton based on recent phytoplankton-chemical studies agree well with the historical distribution of krill based on direct netting and bioacoustic estimates. Thus, information acquired during the past decade from new technologies such as remote sensing, as well as through improvements in determining concentrations of essential micro-elements such as Fe, has provided insight into the underlying factors of importance for productivity at all trophic levels in the Southern Ocean.
